G protein-coupled receptors represent the largest family of membrane receptors 1 that instigate signalling through nucleotide exchange on heterotrimeric G proteins. Nucleotide exchange, or more precisely, GDP dissociation from the G protein a-subunit, is the key step towards G protein activation and initiation of downstream signalling cascades. Despite a wealth of biochemical and biophysical studies on inactive and active conformations of several heterotrimeric G proteins, the molecular underpinnings of G protein activation remain elusive. To characterize this mechanism, we applied peptide amide hydrogen-deuterium exchange mass spectrometry to probe changes in the structure of the heterotrimeric bovine G protein, Gs (the stimulatory G protein for adenylyl cyclase) on formation of a complex with agonist-bound human b 2 adrenergic receptor (b 2 AR). Here we report structural links between the receptor-binding surface and the nucleotide-binding pocket of Gs that undergo higher levels of hydrogen-deuterium exchange than would be predicted from the crystal structure of the b 2 AR-Gs complex. Together with X-ray crystallographic and electron microscopic data of the b 2 AR-Gs complex (from refs 2, 3), we provide a rationale for a mechanism of nucleotide exchange, whereby the receptor perturbs the structure of the amino-terminal region of the a-subunit of Gs and consequently alters the 'P-loop' that binds the b-phosphate in GDP. As with the Ras family of small-molecular-weight G proteins, P-loop stabilization and b-phosphate coordination are key determinants of GDP (and GTP) binding affinity.
G protein-coupled receptors represent the largest family of membrane receptors 1 that instigate signalling through nucleotide exchange on heterotrimeric G proteins. Nucleotide exchange, or more precisely, GDP dissociation from the G protein a-subunit, is the key step towards G protein activation and initiation of downstream signalling cascades. Despite a wealth of biochemical and biophysical studies on inactive and active conformations of several heterotrimeric G proteins, the molecular underpinnings of G protein activation remain elusive. To characterize this mechanism, we applied peptide amide hydrogen-deuterium exchange mass spectrometry to probe changes in the structure of the heterotrimeric bovine G protein, Gs (the stimulatory G protein for adenylyl cyclase) on formation of a complex with agonist-bound human b 2 adrenergic receptor (b 2 AR). Here we report structural links between the receptor-binding surface and the nucleotide-binding pocket of Gs that undergo higher levels of hydrogen-deuterium exchange than would be predicted from the crystal structure of the b 2 AR-Gs complex. Together with X-ray crystallographic and electron microscopic data of the b 2 AR-Gs complex (from refs 2, 3), we provide a rationale for a mechanism of nucleotide exchange, whereby the receptor perturbs the structure of the amino-terminal region of the a-subunit of Gs and consequently alters the 'P-loop' that binds the b-phosphate in GDP. As with the Ras family of small-molecular-weight G proteins, P-loop stabilization and b-phosphate coordination are key determinants of GDP (and GTP) binding affinity.
The formation of a complex between a G protein-coupled receptor (GPCR) and a heterotrimeric G protein is responsible for the majority of transmembrane signalling in response to hormones and neurotransmitters. Heterotrimeric G proteins are composed of a nucleotidebinding a-subunit (Ga) and an obligate dimer of the b and c-subunits (Gbc). In their inactive form, Ga-subunits are bound to GDP and tightly associated with Gbc. Ga proteins are evolutionarily related to the Ras family of G proteins but contain a small globular domain, referred to as the a-helical domain (GasAH) (Fig. 1a) . The Ras-like GTPase domain (GasRas) contains most of the catalytic residues necessary for GTP hydrolysis, as well as the Gbc and effector binding regions 4 . The structures within these regions differ between GTP-and GDP-bound states, and are appropriately termed switch regions 5, 6 . The process of G protein activation involves formation of a complex (often referred to as a ternary complex) consisting of an agonistoccupied GPCR and a nucleotide-free G protein heterotrimer. In a companion manuscript 2 , we present the b 2 AR-Gs crystal structure (Fig. 1b) , which provides the first high-resolution snapshot of such ternary complex. However, a static view of this structure provides only limited insight into the mechanism of GDP release, the first step in G protein activation. In an effort to provide dynamic insights into the mechanism of receptor-mediated activation of Gs, we studied the effect of agonist-bound b 2 AR on the structure of Gs using peptide amide hydrogen-deuterium exchange mass spectrometry (DXMS, see Online Methods). The rates of exchange of the amide hydrogens in a protein are a function of the protein's thermodynamic stability, most particularly the stability of the hydrogen bonds that each amide forms in the protein's native structure. In general, an amide hydrogen involved in an intra-molecular hydrogen bond, such as those that occur in a b-strand or a-helix in a relatively stable region of the protein, exchanges more slowly than amide hydrogens forming less stable bonds [7] [8] [9] [10] [11] [12] . Changes in exchange rates reflect the propensity to formation or disruption of these bonds, thereby providing information about protein structural changes and dynamics.
We examine the amide hydrogen exchange behaviour of (1) 2 ), and (4) when the b 2 AR-Gs complex is exposed to GDP (Fig. 2, Supplementary  Figs 2-9a) . When comparing the Gs heterotrimer with the b 2 AR-Gs complex, we observe marked changes in exchange rates for Gas (Gs protein a-subunit), but little change in the exchange rates of Gb or Gc (Supplementary Figs 2-5 ). In addition, we do not report exchange behaviour on the b 2 AR itself because comparatively limited peptide probe sequence coverage was obtained for the receptor when we used DXMS analysis conditions optimal for the G proteins 13 .
Transitioning from the GDP-bound heterotrimer to the nucleotidefree b 2 AR-Gs complex is associated with changes in exchange rates throughout the Ga subunit (Fig. 2a) . There is a general increase in exchange in the segments that form the nucleotide binding pocket, consistent with a loss of polar interactions with GDP or as a result of alterations in protein structure following GDP dissociation. We observe reduced exchange at the carboxy-terminal portion of the a5-helix when bound to b 2 AR (Figs 2a and 3a, b) . This is not surprising, considering the crystal structures of opsin and metarhodopsin bound to a C-terminal peptide of transducin [14] [15] [16] , and of the b 2 AR bound to Gs (ref. 2); in these three structures, the C terminus of Ga subunits penetrates into the cytoplasmic core of the transmembrane bundle of GPCRs. This finding is also consistent with a plethora of . Residues displaying increases (magenta) and decreases (blue) in deuterium incorporation when comparing different conditions were plotted according to the indicated heat map. Regions where no mass spectrometry data were obtained are indicated in grey. Among three time points analysed (see Supplementary Fig. 2) , 100 s time points are presented.
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biochemical and biophysical evidence (reviewed in ref. 17) , as well as mutagenesis studies and peptide analysis that suggest that the C terminus determines receptor coupling specificity 18 . In contrast to the C-terminal region of a5, we observe a dramatic increase in exchange rates of peptide amides in the N-terminal segment of the a5-helix, suggesting an increase in the dynamics or disordering of this segment that is not evident in the structure of the b 2 AR-Gs complex (Figs 2a, 3a , b, and Supplementary Fig. 11a ). The b6-a5 loop constitutes part of the nucleotide-binding pocket. Thus, increases in exchange at the N-terminal portion of the a5-helix probably reflect the sensitivity to nucleotide release (Figs 2a, 3b ). The reintroduction of GDP reverses the effects observed on formation of the complex in this region (Fig. 2c ). These observations are consistent with EPR spectroscopy studies suggesting movement of the a5-helix of the G protein transducin on interacting with photo-activated rhodopsin 19 . As expected, uncoupling Gs from b 2 AR with GDP/AlF 3 reverses all exchange changes induced by receptor binding (Fig. 2b) . GDP/AlF 3 is a transition state analogue that structurally and functionally mimics GTP when bound to G proteins. Interestingly, the overall effect of adding GDP on exchange rates was similar to the effect of adding GDP/AlF 3 ; however, we did not observe a comparable increase in exchange at the C-terminal end of the a5-helix (Fig. 2c) . These results suggest that the C-terminal peptide of GDP-bound Gas may remain weakly coupled to the receptor, and are consistent with crosslinking experiments performed under similar conditions showing persistent interactions between b 2 AR and Gs in the presence of GDP (Supplementary Fig. 10 ). It is tempting to speculate that this GDP-bound b 2 AR-Gs complex may represent a 'pre-coupled' receptor complex. Nevertheless, it is likely that the GDP-bound b 2 AR-Gas complex is not very stable, because increased exchange at the a5-helix C terminus could be observed following longer exchange durations or incubations at higher (but still physiological) temperatures (see Supplementary  Figs 2 and 10) .
The most striking effect of b 2 AR-Gs complex formation on amide hydrogen exchange was observed in the b1-strand, which links the second intracellular loop (ICL2) of the agonist-bound receptor to the P-loop that coordinates the b-phosphate of GDP in Gas (Figs 2a, 3a, c) . The large increase in exchange rate in the b1-strand is unexpected on the basis of relatively small structural changes in b1-a1 loop observed when comparing the structures of Gai bound to GDP with the b 2 AR-Gs complex (Fig. 3c) . The relatively minor differences observed in the crystal structures may not reflect the change required for GDP release, because the crystallization process often favours the lowest energy and most stable conformation. In contrast, DXMS experimentation interrogates the entire ensemble of native-state conformations under physiological conditions (pH, salt, protein concentration and temperature) 12 . Such Colour scale applies to all panels, a-d. b, c, Comparison of the structure of Gas in complex with b 2 AR with that of Gai (the inhibitory G protein for adenylyl cyclase bound to GDP), highlighting regions of increases or decreases in HX in the b6-strand-a5 helix (b) or in the b1-strand, P-loop and a1-helix (c). As above, Gas (in b and c) is coloured according to the indicated heat map representing changes in HX when comparing Gs heterotrimer with the nucleotide-free b 2 AR-Gs complex. Residues where no mass information was obtained are coloured charcoal grey. The superimposed structure of Gai bound to GDP (transparent grey) is based on the heterotrimeric GDP-bound form 22 , but illustrating the conserved glutamate (E50 in Gas) in the GasRas and arginine (R102 in Gas) located in the GasAH. d, Five amide hydrogens, contributed by the highly conserved 'RLLL' motif, are involved in stabilizing the b1-strand in a peptide fragment of Gas that displays high HX.
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analysis reveals that the b1-P-loop-a1 region undergoes structural changes that markedly alter the stability of amide backbone hydrogen bonds.
The crystal structure of Gas-GTPcS suggests that five amide hydrogens stabilize the backbone of the b1-strand of this peptidic fragment ( Fig. 3d and Supplementary Fig. 11b ). Four of the five amides are contributed by the highly conserved R 42 LLL 45 motif, found in all G protein a-subunits (see alignment in Supplementary Fig. 12 ). DXMS analysis indicates that 4-5 hydrogens rapidly exchange in this fragment. We were unable to detect fragments of the neighbouring b3 and b4 strands by mass spectrometry, but speculate that alterations in exchange might also be observed in these regions. The dramatic increase in exchange in this highly conserved motif suggests that formation of the b 2 AR-Gs complex is associated with large changes in the structure and/or stability of the b-sheet formed by the b1-b5 strands.
The increased exchange in the b1-strand, the P-loop and the proximal a1-helix is compatible with the well-established mechanism of nucleotide exchange in the Ras family of G proteins. Here the bphosphate of GDP is wedged between the highly conserved 'P-loop' and a1-helix, and a single Mg 21 ion that is coordinated by residues within the P-loop. GDP release in Ras-like G proteins is manifested simply by altering Mg 21 coordination to the b-phosphate
5
. Although heterotrimeric Ga proteins lack the dependence on Mg 21 for GDP binding, like all G proteins they display a 10 5 -10 6 -fold preference for GDP over GMP 6 . The structural similarities between the Ras and heterotrimeric family of G proteins suggest that the mechanism for nucleotide exchange should be similar. Thus, a critical action of the agonist-bound receptor appears to be the engagement of the N terminus of Ga, thereby altering the position and/or stability of the b1-strand with associated changes in the structure of the P-loop and a1-helix.
DXMS analysis also reveals regions with higher exchange that extend beyond the nucleotide-binding site and encompass the entire interface between the GasAH and GasRas (Figs 2, 4) . These data are consistent with crystallographic and electron microscopy evidence on the b 2 AR-Gs complex (refs 2, 3) . These studies and recent double electron-electron resonance analyses 20 suggest that the GasRas and GasAH undergo a 'clam-shell like' opening in the absence of nucleotide (see Fig. 4) . Nucleotide release appears to result in re-positioning of the GasAH, but the observed slow rate of exchange within the core of the domain suggests that the domain itself is intact and folded. In the GDP-and GTPcS-bound forms of G proteins, a highly conserved glutamate residue in the P-loop (E50 in Gas) tightly binds the highly conserved catalytic arginine residue (R201 in Gas), which is located in the GasAH (Fig. 3c and see alignment in Supplementary Fig. 12 ). However, the side chain of E50 in Gas in the receptor complex is poorly ordered in the crystal structure, displaying high B (temperature) factors. We propose that alterations in the P-loop structure resulting from the loss of b-phosphate coordination disrupts the E50-R201 interaction and facilitates the dissociation of GasAH from GasRas.
In summary, DXMS analysis of the b 2 AR-Gs complex complements the crystal structure and provides essential additional mechanistic insights into the structural events linking GPCR-G protein complex formation and GDP release. The N and C termini of Gas represent the principal structural conduits between the receptor and the nucleotide binding pocket (Fig. 5) . Although it is not at present possible to determine the exact sequence of events leading to nucleotide dissociation and the formation of a stable complex, we speculate that the initial interaction may involve the C terminus of GDP-bound Gas and agonist-bound b 2 AR. Subsequent interactions between ICL2 of the b 2 AR and the aN-helix of Gas are associated with GDP release through dynamic changes in the b1-strand that involve disruption of a heterotrimeric G protein a-subunits. Shown is the step-wise dissociation of GDP from Gas (orange) by agonist-activated b 2 AR that involves the engagement of both the N and the C terminus of Gas. The activation of Gs through an activated b 2 AR (green) results in GDP release and subsequent GTP binding. The activated receptor engages the C terminus of the a5-helix of Gas which undergoes a rigid-body translation upward into the receptor core and reorganizes the b6-a5 loop, a region that participates in purine ring binding. In a simultaneous or sequential event, ICL2 of the b 2 AR engages the N terminus of the Gas, leading to reorganization of its b1-strand/P-loop, the loss of coordination of the b-phosphate of GDP (blue), and subsequently GDP release. The position of the N-terminal helix is aided by the Gbc-subunits (not shown). The concomitant disruption of the interaction between the P-loop and GasAH, primarily through the highly conserved R201 in the GasAH and E50 in the P-loop, opens GasAH allowing GDP to freely dissociate. Formation of the nucleotide-free form allows GTP (grey) to bind, resulting in reformation of the 'closed' conformation, and activation of the G protein through functionally dissociating from Gbc and uncoupling from b 2 AR.
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conserved hydrogen bond network and are coupled to structural changes in the highly conserved 'P-loop' that wraps around the b-phosphate of GDP. Thus, in a coordinated event, the agonist-bound receptor engages both the N terminus and C terminus to promote nucleotide release.
METHODS SUMMARY
DXMS studies were performed on purified Gs and b 2 AR-Gs complex in the absence or presence of guanine nucleotides. The b 2 AR-Gs complex was formed from b 2 AR and Gs protein expressed in insect (Spodoptera frugiperda and Trichoplusia ni, respectively) cells. Samples were incubated on ice for 100, 1,000 and 10,000 s in the presence of D 2 O, then quenched and frozen for subsequent analysis by fragmentation and mass spectrometry. For more experimental details see Online Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
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METHODS
Expression and purification of b 2 AR. An b 2 AR construct truncated at position 365 (b 2 AR-365) was expressed in Sf9 insect (Spodoptera frugiperda) cell cultures (grown in ESF 921 medium, Expression Systems) infected with recombinant baculovirus (BestBac, Expression Systems), and solubilized in n-dodecyl-b-Dmaltoside (DDM) according to methods described previously 23 . M1 Flag affinity chromatography (Sigma) served as the initial purification step followed by alprenolol-Sepharose chromatography for selection of functional receptor. A subsequent M1 Flag affinity chromatography step was used to exchange receptorbound alprenolol for high-affinity agonist BI-167107. The agonist-bound receptor was eluted, dialysed against buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 0.1% DDM and 10 mM BI-167107), treated with PNGaseF and lambda phosphatase (New England Biolabs), and concentrated to approximately 50 mg ml 21 with a 50 kDa molecular weight cut-off Millipore concentrator. Expression and purification of Gs heterotrimer. Bovine Gas short, His 6 -rat Gb 1 , and bovine Gc 2 were co-expressed in HighFive insect (Trichoplusia ni) cells (Invitrogen) grown in Insect Xpress serum-free media (Lonza). Cultures were infected with three separate Autographa californica nuclear polyhedrosis viruses, each containing the gene for one of the G protein subunits at a 1:1 multiplicity of infection. Infected cells were harvested and resuspended in 75 ml lysis buffer (50 mM HEPES pH 8.0, 65 mM NaCl, 1.1 mM MgCl 2 , 1 mM EDTA, 13 PTT (35 mg ml 21 phenylmethanesulphonyl fluoride, 32 mg ml 21 tosyl-phenylalanylchloromethyl ketone, 32 mg ml 21 tosyl-lysyl-chloromethyl ketone), 13 LS (3.2 mg ml 21 leupeptin and 3.2 mg ml 21 soybean trypsin inhibitor), 5 mM b-ME, and 10 mM GDP) per litre of culture volume. The suspension was pressurized with 600 p.s.i. N 2 for 40 min in a nitrogen cavitation bomb (Parr Instrument Company). After depressurization, the lysate was centrifuged to remove nuclei and unlysed cells, and then ultracentrifuged at 180,000g for 40 min. The pelleted membranes were resuspended in 30 ml wash buffer (50 mM HEPES, pH 8.0, 50 mM NaCl, 100 mM MgCl 2, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP) per litre culture volume using a Dounce homogenizer and centrifuged again at 180,000g for 40 min. The washed pellet was resuspended in a minimal volume of wash buffer and flash frozen with liquid nitrogen.
The frozen membranes were thawed and diluted to a total protein concentration of 5 mg ml 21 with fresh wash buffer. Sodium cholate detergent was added to the suspension at a final concentration of 1.0%, MgCl 2 was added to a final concentration of 5 mM, and 0.05 mg of purified protein phosphatase 5 (PP5, prepared from E. coli culture) was added per litre of culture volume. PP5 cDNA was generously provided by M. Chinkers (University of Southern Alabama). The sample was stirred on ice for 40 min, and then centrifuged at 180,000g for 40 min to remove insoluble debris. The supernatant was diluted fivefold with Ni-NTA load buffer (20 mM HEPES, pH 8.0, 363 mM NaCl, 1.25 mM MgCl 2 , 6.25 mM imidazole, 0.2% Anzergent 3-12, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP), taking care to add the buffer slowly to avoid reducing the cholate concentration below its critical micelle concentration too quickly. 3 ml of Ni-NTA resin (Qiagen) pre-equilibrated in Ni-NTA wash buffer 1 (20 mM HEPES pH 8.0, 300 mM NaCl, 2 mM MgCl 2 , 5 mM imidazole, 0.2% sodium cholate, 0.15% Anzergent 3-12, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP) per litre culture volume was added and the sample was stirred on ice for 20 min. The resin was collected into a gravity column and washed with 43 column volumes of Ni-NTA wash buffer 1, Ni-NTA wash buffer 2 (20 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM MgCl 2 , 10 mM imidazole, 0.15% Anzergent 3-12, 0.1% DDM, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP), and Ni-NTA wash buffer 3 (20 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM MgCl 2 , 5 mM imidazole, 0.1% DDM, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP). The protein was eluted with Ni-NTA elution buffer (20 mM HEPES, pH 8.0, 40 mM NaCl, 1 mM MgCl 2 , 200 mM imidazole, 0.1% DDM, 13 PTT, 13 LS, 5 mM b-ME, 10 mM GDP). Protein-containing fractions were pooled and MnCl 2 was added to a final concentration of 100 mM. Purified lambda protein phosphatase (prepared from E. coli culture) was added to the elute (50 mg per litre of culture volume, final) and incubated on ice with stirring for 30 min. The elute was passed through a 0.22 mm filter and loaded directly onto a MonoQ HR 16/10 column (GE Healthcare) equilibrated in MonoQ buffer A (20 mM HEPES, pH 8.0, 50 mM NaCl, 100 mM MgCl 2 , 0.1% DDM, 5 mM b-ME, 13 PTT). The column was washed with 150 ml buffer A at 5 ml min 21 and bound proteins were eluted over 350 ml with a linear gradient up to 28% MonoQ buffer B (same as buffer A except with 1 M NaCl). Fractions were collected in tubes spotted with enough GDP to make a final concentration of 10 mM. The Gs containing fractions were concentrated to 2 ml using a stirred ultrafiltration cell with a 10 kDa NMWL regenerated cellulose membrane (Millipore). The concentrated sample was run on a Superdex 200 prep grade XK 16/70 column (GE Healthcare) equilibrated in S200 buffer (20 mM HEPES, pH 8.0, 100 mM NaCl, 1.1 mM MgCl 2 , 1 mM EDTA, 0.012% DDM, 100 mM TCEP, 2 mM GDP). The fractions containing pure Gs were pooled, glycerol was added to 10% final concentration, and then the protein was concentrated to at least 10 mg ml 21 using a 30 kDa MWCO regenerated cellulose Amicon centrifugal ultrafiltration device. The concentrated sample was then aliquoted, flash frozen, and stored at 280u. A typical yield of final, purified Gs heterotrimer from 8 l of cell culture volume was 6-8 mg.
Complex formation and purification. For reasons of efficiency and higher protein quality, the receptor-G protein (b 2 AR-365-Gs heterotrimer) complex that was used for DXMS and EM (ref.
3) experimentation was derived from preparations also intended for protein crystallography 2 . Heterotrimeric Gs protein was mixed at approximately 100 mM concentration with BI-167107 bound b 2 AR-365 in molar excess (approximately 130 mM) in 2 ml buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 0.1% DDM, 1 mM EDTA, 3 mM MgCl 2 , 10 mM BI-167107) and incubating for 3 h at room temperature (25 uC) . To obtain a nucleotide free b 2 AR-Gs complex, apyrase (25 mU ml 21 , NEB) was added after 90 min to hydrolyse residual GDP released from Gas on binding to the receptor. The complex was exchanged into MNG-3 by adding the b 2 AR-Gs complex mixture (2 ml) to 8 ml buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 10 mM BI-167107) containing 1% MNG-3 for 1 h at room temperature. The b 2 AR-Gs complex was loaded onto a M1 Flag resin and washed in buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM BI-167107 and 3 mM CaCl 2 ) containing 0.2% MNG-3 and eluted in buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM BI-167107, 5 mM EDTA and 200 mg ml 21 Flag peptide) containing 0.02% MNG-3. The b 2 AR-Gs complex was purified following a final size exclusion chromatography step using a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with buffer containing 0.02% MNG-3, 10 mM HEPES pH 7.5, 100 mM NaCl, 10 mM BI-167107 and 100 mM TCEP. Peak fractions were pooled and concentrated to approximately 90 mg ml 21 with a 100 kDa MWCO Viva-spin concentrator. A representative elution profile of the complex on a Superdex 200 column can be found in Supplementary Fig. 1 . Nucleotide treatment. b 2 AR-Gs complex prepared as described above was diluted to 10 mg ml 21 in buffer containing 0.02% MNG-3, 20 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM BI-167107 and 100 mM TCEP. The b 2 AR-Gs complex was incubated with either 1 mM GDP or 1 mM GDP/AlF 3 for 2 h at room temperature. Deuterium exchange mass spectrometry. 1.5 ml of b 2 AR-Gs complex (10 mg ml 21 ) or 1.5 ml of Gs heterotrimer (7 mg ml
21
) was mixed with 4.5 ml of D 2 O buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM BI-167107, 100 mM TCEP, 0.0015% MNG-3 in D 2 O) and incubated for 100, 1,000 and 10,000 s on ice. At the indicated times, the sample was quenched by 15 ml of ice-cold quench solution (0.1 M NaH 2 PO 4 , 20 mM TCEP, 16.6% glycerol, pH 2.4), immediately frozen on dry ice, and stored at 280 uC. Non-deuterated control was prepared in H 2 O buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM BI-167107, 100 mM TCEP, 0.0015% MNG-3 in H 2 O), mixed with quench solution, and snap-frozen on dry ice. Samples were thawed and immediately passed through an immobilized porcine pepsin column (16 ml bed volume) at a flow rate of 20 ml min 21 of 0.05% trifluoroacetic acid. Peptide fragments were collected contemporaneously on a C18 trap column for desalting and separated by a Magic C18AQ column (Michrom BioResources Inc.) using a linear gradient of acetonitrile from 6.4% to 38.4% over 30 min. Mass spectrometric analysis was performed using LCQ Classic mass spectrometer (Thermo Finnigan), with capillary temperature of 200 uC. Deuterium quantification data were collected in MS1 profile mode, and peptide identification data were collected in data dependent MS/MS mode. Recovered peptide identification and analysis were carried out using DXMS Explorer (Sierra Analytics Inc.), specialized software for processing DXMS data [24] [25] [26] . Before the performance of studies with deuterated proteins, extensive preliminary 'fragmentation tuning' studies were performed with non-deuterated protein mixtures. Proteins were acidified, supplemented with various concentrations of denaturants (guanidine-HCl, 0.0-4.0 M), supplemental detergents (DDM, 0.0 and 0.1%) and reductants (TCEP, 0.015-0.5 M); incubated in such solutions for varying times at 0 uC; and then subjected to on-line solid-state pepsin proteolysis (45 s contact time at either 0 uC or room temperature) and then analysed by LC-MS at 0 uC as described above. The conditions that produced the most comprehensive fragmentation map for the G protein component of the mixture (described and employed above) were found to be markedly different from those that gave the best fragmentation map for the receptor protein component. Addition of supplemental DDM (0.1%), long incubations in concentrations of denaturants (4.0 M), or digestion at room temperature were required to obtain even a partial fragmentation map of the receptor. Compared to the G protein, the receptor is more highly disulphide cross-linked, and hydrophobic in character, probably accounting for the requirement for a more aggressive denaturation and protease digestion, and supplementation with additional detergent to keep hydrophobic peptides in solution. These several conditions degraded the comprehensiveness and resolution of the G protein fragmentation map, and considerably increased the deuterium losses of the G protein peptides after exchange quench when compared to the G RESEARCH LETTER
